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ABSTRACT
Void fraction characteristics are analyzed for rectangular multi-port microchannels tubes for refrigerant
charge predictions. A 6-port and a 14-port microchannel, with hydraulic diameters of 1.54mm and 1.02mm, are
examined for two-phase flow conditions. A new void fraction measurement technique has been developed, in
which the two-phase fluid is trapped in the microchannel. Two refrigerants, R134a and R410A, are tested through
the microchannels tubes with ranges of mass fluxes from 100 to 300kg/s.m2, and over all qualities. Void fraction
results reveal a dependence of mass flux and hydraulic diameter. A flow visualization analysis is performed to see
the effect of mass flux dependence.

INTRODUCTION
Aluminum multi-port microchannel tubes are currently utilized in automotive air conditioners for refrigerant
condensation. Recent research activities are directed toward developing other air conditioning and refrigeration
systems with microchannel condensers and evaporators, where the evaporators have the additional difficulty of
distribution of two-phase flow among the different tubes.
When a condenser or a evaporator is designed, three important aspects of refrigerants are evaluated: Heat
transfer, to know how much tubing is needed to condense or evaporate the refrigerant; pressure drop, to know the
required power to move the refrigerant through the tubing; and void fraction, to know how much refrigerant is
required in the system.
The void fraction (α) or the area-average gas fraction is the ratio between the area occupied by the vapor and
the cross-sectional area of the channel. For this study, an average void fraction is defined that is the ratio of the
volume of the vapor to the total volume for a fixed tube length. The charge (quantity of refrigerant) per unit of
length of a system can be calculated if the void fraction is correctly predicted.
This investigation presents experimental data for void fraction in two aluminum multi-port microchannels
with R134a, and R410A. A review of the most important two-phase flow studies in void fraction is presented. The
experimental facility used for void fraction measurements is illustrated. Void fraction data and the correspondent
slip ratio are presented, and analyzed. Concluding remarks and recommendations for future investigations are
presented.

BACKGROUND
Many void fraction correlations have been developed for large tubes, and can be classified in four categories
(Rice, 1987): homogeneous, slip-ratio correlated, Xtt (Lockhart-Martinelli parameter) correlated, and mass-flux
dependent.
The slip-ratio correlated void fraction assumes a difference of velocities of each phase. Te slip ratio is
defined as the ratio between the vapor velocity (Vvapor) and the liquid velocity (Vliquid).
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Where x is the quality of the mixture, and ρ is the density. In the ideal homogeneous model, in which the
vapor and the liquid phase are assumed to travel at the same velocity (model suitable for intermittent flow regimes
where bubbles of vapor travels at the same velocity as the slugs or plugs of liquid), the slip ratio is equal to 1.
The difference of bulk velocities of each phase can be defined for flows in which the two-phases are
separated (model suitable for stratified flow regime or annular flow regime), and the slip ratio has been predicted
in various studies. For example, Zivi (1964) developed a relation for the slip ratio as a function of the density ratio
of the two phases. Rigot (1973) suggested a constant equal to 2 for the slip ratio. More complex slip ratio relations
have been developed by Levy (1960), Smith (1969) and Ahrens (1983).
Some of the void fraction relations available in the literature are semi-empirical functions of the LockhartMartinelli parameter, Xtt. Lockhart and Martinelli (1947) and Martinelli and Nelson (1948) developed two-phase
flow models and defined a key parameter (Xtt) as the ratio between single-phase frictional pressure gradients of
vapor and liquid assuming turbulent flow in both phases.
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Where µ is the viscosity. Studies made by Baroczy (1965), Wallis (1969), and Domanski and Didion (1983)
developed correlations in this category.
Some studies indicate that void fraction is dependent on the mass flux as well as the properties of the two
phases flowing through the pipe. Tandon et. al. (1985) developed a void fraction relation function of the Reynolds
number and the Lockhart-Martinelli parameter. Premoli et al. (1971), in a study with vertical channels, developed
a relation by defining a complex slip ratio dependant on the Reynolds number and the Weber number as well as
the properties of the mixture. A more complex relation was developed by Hughmark (1962), which includes the
Froude number.
A mass flux dependent correlation, based on R134a and R410A experimental data on horizontal smooth
tubes, was developed by Graham et al. (1998). Graham's correlation uses the Froude Rate parameter derived by
Hulburt and Newell (1997).
For small tubes, very limited work has been done to investigate void fraction. All the studies found in the
literature have used air-water mixtures. Bao et al. (1994) made measurements of void fraction in smooth vertical
and horizontal circular tubes, with diameters ranging from 0.74 to 3.07mm. Tripplett et al. (1999) measured void
fraction and pressure drop in transparent microchannels. A circular and a triangular geometry were analyzed,
whose hydraulic diameters range from 1.09mm to 1.49mm. Measurements were compared to existing
correlations. Some modifications to these relations were made to fit microchannel tube data.

EXPERIMENTAL FACILITY
Figure 1 is a schematic of the microchannel test facility for void fraction investigations. The major
components of the system are the high and low temperature refrigerant tanks, pressure transducers,
thermocouples, mass flow sensors, the transition pieces, the refrigerant trapping system, and the microchannel test
section.
The refrigerant flows as a “once-through” process with vapor and liquid flowing separately out of a heated
reservoir tank. Heat is added to the saturated vapor flow with an electric resistance heater to superheat the stream.

Sub-cooled liquid is achieved by removing heat from the saturated liquid in a heat exchanger. After single-phase
temperature, pressure, and mass flow rate are measured, the sub-cooled liquid and the superheated vapor streams
are mixed. Conditioning valves are used to control the streams of both flows and set the desired quality and mass
flux. The two-phase blend moves to the microchannel test section. Transition pieces are used to provide
connection between the microchannel and the round copper tube of the flow system. The mixture finally reaches
the cooled reservoir after passing the test section. A conditioning valve at the end of the test section is used to set
the saturation temperature/pressure of the test section.
When a particular flow condition of the refrigerant is set in the test facility (i.e. a desired condition is set in
the microchannel test section), the two-phase fluid is trapped in the microchannel by sealing the ports at the two
ends of the test section. The mechanism used to seal the microchannel is shown in Figure 1. It is composed of two
pneumatic cylinders that move lever mechanisms with blades that seal the microchannel. The sealed microchannel
tube with the refrigerant inside is removed from the test facility and weighed to determine its refrigerant mass.
Two mass flowmeters are used to measure independently gas and liquid mass flow. The nominal flow range
of both flow measurements is from 0-0.022kg/s with an accuracy of ±0.10% for the liquid flow rate, and ±0.5%
for the gas flow rate. Measurement of the absolute pressures is achieved with differential transducers ranging from
0-2068kPa, and an accuracy of ±0.25% full scale, and a barometric pressure ranging from 95-105kPa, with a
precision of 0.1kPa. Temperature measurements are carried out with type T thermocouples with an accuracy of
0.25C. Density of gases and liquids are found with a computer program where thermodynamic properties are
obtained from a built-in function call. The uncertainty of the quality property is found with a propagation error
analysis. It is found that the error decreases when the quality increases1. For qualities higher than 40%, the error
is less than 1%. Error ranging from 1-4% is found for qualities between 10%-40%. The accuracy of the weight
scale is ±0.008g, giving an uncertainty for void fraction calculations of less than ±0.7% if the microchannel is
perfectly sealed.
Figure 2 shows the profile of the microchannel tubes used for the experiments. The 6-port microchannel has
a hydraulic diameter of 1.54mm and a cross-sectional area of 1.669x10-5 m2. For the 14-port microchannel, its
hydraulic diameter and its cross-sectional area are 1.02mm and 1.496x10-5 m2, respectively. An uncertainty of
0.8% was calculated for the area measurements of the 6-port and 14-port microchannels.

RESULTS AND DISCUSSION
Flow Visualization Studies
In a parallel study with a 6-port transparent microchannel of hydraulic diameter of 1.586mm, and a crosssection area of 1.698x10-5m2, flows of refrigerant R134a were recorded for a range of conditions that covers mass
fluxes (G) from 100 to 300 kg/s.m2 and qualities (x) ranging from 10% to 90%.
Representative pictures of the flows studied are shown in Figure 3. The flow visualization analysis indicates
that different ports of the tube can simultaneously have different flow configurations. It is apparent that transient
variations cause an individual tube to vary its flow configuration while constant mass flux and quality flow
conditions are maintained.
Intermittent flow regime (slug flow, and elongated bubble or plug flow), annular flow regime (wavy annular
flow and annular flow), only vapor, and only liquid are the flow configurations that are observed in the individual
ports for the range studied. In general, intermittent, only-liquid, and only-vapor flows are observed at the same
time in individual ports of the microchannel at low qualities (x lower than 0.4 for G=100kg/s.m2, and x lower than
0.2 for G=200-300 kg/s.m2, aprox.). When the quality and mass flux increase, observations show that refrigerant
distribution becomes uniform in all channels with the annular flow regime.

Void Fraction Results
Figure 4 shows the void fraction results. In general, it can be concluded that void fraction is mass flux
dependent. The flow visualization results in Figure 3 shows qualitatively the same conclusion. Low average void
fraction values represent flows with an appreciable quantity of liquid that are characteristic of intermittent flow
regime (plug flow or slug flow). High average void fractions are characteristic of annular flow regime.
The error propagation analysis gives the following uncertainty for the quality: x ± (0.0048-0.0024x) where x is
the quality of the mixture.
1

A comparison between Figure 4a, and Figure 4b shows that void fraction is also dependent of hydraulic
diameter. Void fraction decreases when diameter decreases. Similar results are observed by Coleman and
Garimella (2000) when they studied the effect of the hydraulic diameter in microchannels in a flow visualization
analysis. They conducted experiments with tubes ranging from 1-4mm diameter, and concluded that the
intermittent region becomes larger as the tube hydraulic diameter decreases. It can be concluded with the present
study that at lower diameters, the fraction of vapor is lower for a fixed length.
A very interesting characteristic can be found if slip ratio is analyzed for the results shown in Figure 4. Slip
ratios of 1 can be found in elongated bubble patterns, in which bubbles of vapor move with the plugs of liquid in
between. Slip ratios greater than 1 are found in annular type flow, in which the core of vapor moves faster than the
liquid ring. These conclusions are withdrawn from studies with single channel.
Figure 4a and 4b shows the slip ratio for both microchannels using R134a. Slip ratios on the order of 1 are
expected for low mass fluxes and qualities (where intermittent flow is observed). However, for these flow
conditions, slip ratios between 2 and 8 are common. This behavior may be a consequence of several flow
configurations in multi-port microchannel tubes even though the most probable flow pattern at these conditions is
the intermittent flow. The slip ratio at low qualities could be a measure of the velocities between flow patterns that
exist in the particular flow condition.
Slip ratio increases when hydraulic diameter increases for low qualities. It is shown when Figure 4a and
Figure 4b are compared. It seems that for the lower diameter, the difference between average velocities of existing
flow configurations increases.
Figure 4b and Figure 4c shows the effect of the fluid properties on void fraction. At low qualities, void
fraction data for R410A follow a homogeneous behavior. At high qualities, void fraction values of R410A are
lower than the R134a for the same mass flux conditions.
In general, slip ratio decreases when the fluid is changed from R134a to R410A (See Figure 4a and 4b). This
effect can be related to the density ratio. Density values for R134a are 1261 kg/m3 for vapor and 20.37 kg/m3 for
liquid, compared with 1133kg/m3 for liquid R410A, and 41.94kg/m3 for vapor R410A (values at T=10C). For a
constant mass flux, the velocity of the vapor flow decreases when the density of the vapor increases. Therefore,
slip ratio decreases when density is increased.
When slip ratio is carefully observed, it seems that two inflexion points exist for the slip ratio values when
quality increases. Slip ratio starts from a value of one for very low qualities (intermittent flow in all channels), and
increases until a maximum. This behavior of the slip ratio could be associated with the difference of average
velocities of the flow configurations existing in the channels as explained above (for instance, differences of
average velocities between the channels where intermittent flow occurs, and the channels where only-vapor flow
occurs). When quality is increased more, the slip ratio decreases to a minimum, and then increases again until the
value of the slip ratio is infinitely large (for qualities approaching to 1). In this case, it could be an equal
distribution of the flow though the multi-port microchannel (it is very probable that annular flow exist in all
channels as the flow visualization analysis shows), and the slip ratio could be a measure of the difference of the
bulk velocities of the core of the vapor and the liquid ring.

Boundaries of Void Fraction
Two physical boundaries for void fraction are specified in Figure 4. The first one is the homogeneous void
fraction. This limit is the maximum void fraction that can exist in the channels. The second one is a separated flow
model, in which a total separation between liquid and vapor is assumed, and only-liquid and only-vapor flow is
allowed to flow through the channels. With an analysis of pressure drop, and continuity in the channels the values
of void fraction are calculated for the separated model. These values are the minimum void fraction (maximum
quantity of refrigerant) possible in the microchannel. A constant value of slip ratio results if turbulent liquid and
turbulent vapor are assumed in the flow through the channels of the multi-port tube.

CONCLUDING REMARKS
Void fraction results reveal a dependence of mass flux and hydraulic diameter, indicating changes of flow
patterns in the range of mass fluxes analyzed. These results are demonstrated qualitatively by an analysis of flow
patterns in a transparent multi-port microchannel with similar hydraulic diameter, and with a detailed description of
the void fraction results.
The analysis shows that both void fraction and slip ratio curves have two inflection points, demonstrating a
possible change of flow configurations. The first inflection point could be associated with the co-existence of

various flow configurations. The second inflection point could represent a change to a flow where the fluids are
evenly distributed (annular flow occurs in all channels), and the slip ratio indicates the ratio between bulk velocities
of vapor and liquid (as originally defined).
Existing correlations developed for big tubes fail to predict microchannel void fraction. The majority of void
fraction models were built on high ranges of refrigerant flow where no changes of flow patterns were found to have
well-defined boundaries. Void fraction correlations found in literature for small tubes are based in air-water
mixtures and are not appropriate for void fraction predictions due to differences of flow patterns at the same flow
conditions. Multi-port microchannel tubes requires a new type of void fraction model that considers the variation of
flow configurations among the individual ports.
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a) Before the Microchannel Test Section

b) Refrigerant Trapping System and Microchannel Test Section

c) After the Microchannel Test Section
Figure 1. Schematic of the Experimental Apparatus for Flow Visualization Analysis

a) 6-port

b) 14-port

Figure 2. Profiles of the Multi-port Aluminum Microchannels Used in the Present Study

G=300 kg/s.m2
G=200 kg/s.m2
G=100 kg/s.m2

x=0.08

x=0.17

x=0.48

x=0.80

Figure 3. Flow Visualization Results for a 6-port Transparent Microchannel with R134a at T=10C.

a)6-port Microchannel with R134a
Figure 4. Graphs in the Left Hand Side Shows Void Fraction vs.Quality for the Specified Multi-port Microchannel
and Refrigerant. Graphs in the Right-hand Side Shows the Slip Ratio vs. Quality. (T=10C).

b) 14-port Microchannel with R134a

c) 14-port Microchannel with R410A
Figure 4 (Continuation). Graphs in the Left Hand Side Shows Void Fraction vs.Quality for the Specified Multiport Microchannel and Refrigerant. Graphs in the Right-hand Side Shows the Slip Ratio vs. Quality. (T=10C).

